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Currently, global warming is accelerating and greenhouse gases are known to be the main cause. 
Therefore, various studies on the reduction of greenhouse gases have been carried out in order to 
solve global warming around the world. The purpose of this study is to separate carbon dioxide and 
methane from biogas in anaerobic digesters to reduce carbon dioxide, which accounts for a large 
proportion of greenhouse gases. 
As a criterion for selecting a suitable solvent, not only the reduction of carbon dioxide but also the 
recycling of collected carbon dioxide was also observed. This study on the solvent which plays a 
dominant role in the physical interaction rather than the chemical interaction with the carbon dioxide 
enables us to improve the reuse efficiency of the solvent through the increase and decrease of the 
pressure. 
In order to find a suitable solvent for the purpose of the experiment, the solvent was divided into five 
categories. Water was used as a basic comparison of the experiments and pure solvents were used to 
increase the dissolved amount of carbon dioxide. We also used an aqueous solution of artificial 
seawater with salt added to the water to determine how salt influences the degassing of the anaerobic 
digestion gas (AD gas). The aqueous solution was used to confirm the synergy effect between water 
and solvent. Finally, the experiment was carried out by mixing acetone-based solutions with various 
advantages in pure solvent form. 
To maximize the merits of each solvent, we have combined three tertiary systems: water with the 
advantage of increasing the rate of carbon dioxide degassing, salt that can lead to a salting out effect, 
and acetone, which can increase the solubility of carbon dioxide. Compared with other experimental 
conditions in the tertiary system, it was possible to capture a high rate of carbon dioxide in the 
degassed AD gas with increasing solubility of carbon dioxide. It is concluded that the tertiary system 
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Chapter 1. Introduction 
 
Global warming is considered to be one of the most serious environmental problems in the world. [1] 
Global warming raises sea level due to glacier melting and causes problems such as rising surface 
temperatures of the earth, expansion of the subtropical desert, changes in precipitation patterns, and 
extreme climates such as heat and extreme weather in summer and winter. [2] The reason for global 
warming has not been clarified, but the main cause is thought to be caused by human beings, such as 
increasing greenhouse gas concentrations and the use of fossil fuels. [3] From the beginning of the 21th 
century until 1980, the average temperature of the earth rose by 0.8℃. The temperature rise in this trend 
is rapidly increasing every year, and international efforts are being made to prevent global warming by 
preventing global warming. [4] 
GHG refers to a gas that serves to raise the temperature of the Earth's surface. Gases, which are coupled 
by two or more different atoms, correspond to greenhouse gases. It is known that greenhouse gases 
absorb or reflect infrared radiation emitted from the earth's surface to space and raise the temperature. 
[5] Representative greenhouse gases on Earth include water vapor, carbon dioxide, nitrous oxide, 
methane, and ozone. [5] Due to natural greenhouse gas emissions, the temperature rise of about 33℃ 
is maintained and the current average surface temperature of 15℃ is maintained. However, if these 
gases are present in excess of the proper amount, the energy absorbed and released by the greenhouse 
gases becomes excessive, and the average temperature of the earth rises above the appropriate 
temperature due to the natural greenhouse effect. This effect is called the enhanced greenhouse effect, 
which results in global warming, where the temperature of the Earth rises above average. [6] 
The contribution of the greenhouse effect by gases is determined by the amount and nature of the 
presence of each gas. For example, methane is a greenhouse gas that is stronger than carbon dioxide 
but has less impact on the greenhouse effect because the concentration in the atmosphere is lower than 
that of carbon dioxide. The global warming potential (GWP) has a value of 21 for methane, 310 for 
nitrous oxide, and 23900 for sulfur hexafluoride when the warming index of carbon dioxide is taken as 
1. [7] 
After industrialization, the concentration of carbon dioxide showed a large increase. In addition to the 
naturally occurring carbon dioxide, greenhouse gases that are artificially created by humans cause great 
problems. Naturally occurring carbon dioxide can maintain its equilibrium by self-limiting action, but 
anthropogenic carbon dioxide is released indiscriminately and accumulates in the atmosphere, causing 
problems. [8] Greenhouse gases arise from the burning of fossil fuels, deforestation and the 
fermentation of bacteria in the manure of livestock due to the large number of livestock breeding. [9] 
Carbon dioxide in the greenhouse gases is mainly generated by industrial processes and energy use, and 
methane is mainly generated in waste, agriculture, and livestock. The concentration of carbon dioxide 
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in the atmosphere has increased from the excessive use of fossil fuels. Methane is more abundant than 
artificially generated, mostly from waste sources such as wetlands and landfills, and biomass burning. 
[10] 
The major source of carbon dioxide and methane gas is biogas. [11] Biogas is a mixture of gases in 
which organic matter is decomposed and produced under oxygen-free conditions. Biogas is produced 
from sewage, food waste, and manure, and is considered a renewable energy source. [12] Biogas is 
generated by anaerobic digestion by anaerobic organisms, and methane and carbon dioxide are the main 
constituents. The mechanism of generation of biogas is as follows. [13] 
 
C6H12O6 -> 3CO2 + 3CH4 
 
Although biogas varies slightly depending on the source, methane has a composition of 50 to 75%, 
Carbon dioxide has a composition of 25 to 50%, and nitrogen, hydrogen sulfide, and other gases are 
present in small amounts. [14] By separating methane and carbon dioxide, methane can be used as a 
fuel for heating energy sources. Carbon dioxide is trapped in the air without releasing it, enabling 
conversion to other energy through catalysis. [15] 
 
Seawater accounts for 97.2% of the total water on Earth. In fact, the amount of water that we can use is 
small, so research is underway to use seawater through seawater desalination to solve this problem. [16] 
Experiments were carried out in artificial seawater conditions to determine the possibility of using 
seawater in an unlimited amount of seawater for the capture of carbon dioxide without further 
purification of seawater. If seawater can be used in carbon dioxide absorption processes, the amount of 
water that can be used on the earth can be increased, and at the same time, environmental effects can be 
expected. 
 
Acetone has the advantage of mixing well with most solvents such as water, alcohols, and ethers. [17] 
Acetone can also be easily obtained through a variety of processes. Acetone plays a very important role 
as a solvent, and is widely used for the production of plastics, the dissolution and storage of acetylene, 
and the raw materials for organic synthesis. It is also known as an organic substance with high solubility 
in carbon dioxide. [18] We have investigated the possibility of utilizing the structural characteristics of 






Chapter 2. Background 
 
There are three main types of research for reducing carbon dioxide. Absorption, separation membrane, 
and adsorption method are mainly studied. [19] There are two main types of absorbents in the absorption 
technology used for carbon dioxide capture. [20] Carbon dioxide may be separated through chemical 




Fig. 1 Classification of absorbents used in absorption technology of carbon dioxide capture 
 
2.1 Absorption method 
 
Fig. 2 describes a schematic diagram of an absorption method for absorbing gas into a solvent. The gas 






Fig. 2 Gas absorption process schematic diagram [21] 
 
Chemical reacting absorbents include amines, aqueous solvents, ammonia, and ionic liquids. [22] 
Chemical reacting substances have great advantages in terms of the removal of carbon dioxide. Blends 
are used to combine the advantages of different absorbents to offset the drawbacks. Physical absorbents 
include Rectisol, Selexol, and Purisol. The materials used for physical absorbents are used in 
consideration of high reactivity, carbon dioxide absorption capacity, low vapor pressure, easy 
regeneration method, and economical aspects. [23, 24] The techniques used in the absorption process 
are described below. 
 
2.1.1 Water scrubbing 
 
Water scrubbing is a method of absorbing gas using water as a solvent. [25] The gas moves to the 
absorber and the gas is absorbed into the water at high pressure. Gas such as biogas, which is the gas to 
be treated, is compressed to 6-10 bars through the compressor and injected into the lower part of the 
absorption tower. In general, the interior of the tower is filled with a filler to widen the contact area 
between the gas and the liquid. Water and biogas are contacted in counter-current flow to maximize 
carbon dioxide removal rate and reduce energy consumption and methane loss. During this process, 
carbon dioxide and trace amounts of methane are physically absorbed in water (solvent). The high 
efficiency of this process arises from the property that Henry's constant for carbon dioxide in water is 
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about 25 times higher than methane. [26] Decreasing the water temperature increases the absorption of 
carbon dioxide, while lowering the operating pressure reduces the water flow. However, the flow of 
water depends on the flow of the total gas flowing through the absorber, so the pressure and temperature 
depend on the solubility constant of carbon dioxide. [27] After the absorption, the used water moves to 
the desorption column and blows air at atmospheric pressure to release the dissolved carbon dioxide. 
 
2.1.2 Amine absorption / scrubbing 
 
It is the most widely used technique among absorption methods using liquid media. [28] This process 
uses amines for acid gases such as carbon dioxide and hydrogen sulphide. The acidic gas, carbon 
dioxide, is selectively absorbed into the aqueous base solution in ambient conditions. The solvent is 
then regenerated through heating of the solution at a temperature near 100°C and a significant amount 
of energy is required in the process. [29] A high energy requirement for regeneration is a major 
drawback to this method. The use of ionic liquids, a recently used environmentally friendly substance, 
has great potential for the absorption of carbon dioxide. [30] The mechanisms of amine and carbon 
dioxide are as follows. 
 
2.1.3 Organic solvent sorption / scrubbing 
 
The most common combination of organic solvents for carbon dioxide absorption is a mixture of 
dimethyl ether and Poly Ethylene Glycol. [31] The principle of this method is based on a physical 
scrubbing process like a water scrubbing method. The organic solvent has a carbon dioxide solubility 
that is 5 times higher than that of water. [32] In addition, the organic solvent mixture is characterized 
by low freezing point, and this feature can be advantageous in that the system can be operated at 
temperatures below -20°C without additional heat supply. However, the organic mixture has 
corrosiveness, which causes corrosion of the equipment. [33] 
 
2.2 Membrane separation method 
 
A separation membrane is defined as a boundary layer capable of selectively separating a specific 
component from a mixture of two or more components. [34] The separation using a separation 
membrane can be determined not only by the difference in particle size, but also by the difference in 
concentration, the charge repelling force, the difference in solubility of a specific component with 
respect to the material of the separation membrane. For the gas separation membrane, a porous 
membrane and a nonporous membrane are used. [35] If the gas mixture is diffused from the high 
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pressure to the low pressure through the porous membrane at a pressure difference, the gas having a 
small molecular weight has a faster diffusion rate and can pass through the membrane well. Due to the 
difference in molecular weight, the gas permeates at different rates depending on the type of gas. Fig. 3 
describes the order of permeation rate of gas. [36] 
 
 
Fig. 3 Order of permeation rate of gas 
 
 
The gas permeation mechanism by the nonporous membrane has a mechanism different from that of 
the porous membrane. As a non-porous membrane, a polymer membrane is generally used, and the gas 
separation occurs due to the difference between the molecules dissolved and diffused into the polymer 
membrane. [37] The mechanisms of gas permeation are divided into three stages. Gas is absorbed or 
adsorbed on the surface of the raw material mixture gas side separation membrane and is desorbed to 
the permeation side through diffusion through the polymer membrane. [38] This principle is expressed 




Fig. 4 Principle of gas separation membrane 
 
When applying a dense membrane for separation, the membrane acts as a very specific filter. 
Membranes used for the separation of Biogas hold methane while permeating the carbon dioxide 
through the membrane. Contaminants such as water vapor and nitrogen contained in the raw biogas are 
removed during the separation process. Various factors and mechanisms control the performance and 
efficiency of membrane-based carbon dioxide removal technology. In addition, the morphology of 
membrane materials plays an important role for interaction with other gas molecules. [39] The 
membrane process has the advantage that no chemical or solvents are required and that the process can 
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be rescaled without significant efficiency loss. The process of the gas separation membrane is as Fig. 5. 
 
 
Fig. 5 Schematic diagram of gas separation process 
 
2.3 Adsorption method 
 
Adsorption technology using solid adsorbents for carbon dioxide capture is one of the best technologies 
for CCS. [40] Gas adsorption is the process of separating gas components from a gas stream using solid 
materials. The gas component is in contact with the solid and is adsorbed on the solid surface in the gas 
phase. There are several considerations in adsorption for carbon dioxide capture. High carbon dioxide 
adsorption capacity, large surface area of adsorbent, fast kinetics of adsorption reaction, high selectivity 
for carbon dioxide, mild sorbent regeneration conditions, stability during adsorption / desorption cycle, 
low cost of adsorbent should be considered. [41] 
 
The adsorption process requires a pretreatment process to reduce the concentration of impurities such 
as nitrogen oxides, sulfur oxides, and water vapor present in the gas during the carbon dioxide 
adsorption process of the flue gas stream. [42] This impurity may occupy the adsorption site, which 
may reduce the space to be adsorbed by the carbon dioxide molecule, and the adsorption amount of the 
carbon dioxide may be reduced in this process. It is especially important to dry the flue gas before the 
adsorption. Water can take up adsorption sites as well as cause damage to the crystal structure of some 
adsorbents. After pretreatment for impurities, the gas should be cooled to room temperature. Most 
adsorbents are due to the rapid decrease in adsorption capacity at high temperatures. Depending on the 
type of adsorbent, strong chemical interactions may occur with weaker physical interactions. Physical 
adsorption is usually caused by lower reaction heat than chemical adsorption and reduces the energy 
consumption of the desorption stage. [43] After adsorption, solid adsorbents migrate to desorption stage. 
During the desorption, the gaseous carbon dioxide adsorbed is released from the adsorbent, and the 
adsorbent is reused through the regeneration process. Fig. 6 is a schematic diagram showing the gas 
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adsorption process. [44] 
 
 
Fig. 6 Gas adsorption process schematic diagram 
 
In the desorption process, pressure swing and temperature swing methods are widely used. [45] In the 
pressure swing system, the adsorption stage is carried out with increasing pressure and when the 
pressure of the system is reduced, carbon dioxide is desorbed from the adsorbent. In a temperature 
swing system, the temperature of the system increases as carbon dioxide is adsorbed from the adsorbent. 
The advantage of the temperature swing system is that it maintains a high carbon dioxide partial 
pressure and can regenerate the adsorbent. This advantage avoids high energy requirements during 
recompression of carbon dioxide. However, the regeneration of the pressure swing system takes a short 
time, but the temperature swing system requires a long regeneration time. Adsorbents are mainly used 
for zeolites, activated carbon, amine functionalized adsorbents, and metal organic frameworks (MOFs). 








Table. 1 Advantages and disadvantages of Adsorbents for adsorption 
 Advantages Disadvantages 
Zeolites 
1. Favorable adsorption kinetics 
2. High adsorption capacity at 
mild operating conditions (0-
100℃, 0.1-1 bar carbon 
dioxide) 
3. Suitable for carbon dioxide 
capture from post combustion 
gas streams 
1. Presence of impurities impact 
performance 
2. For complete regeneration, 
desorption must occur the 




1. High thermal stability 
2. Favorable adsorption kinetics 
3. Lower raw material costs 
4. Large adsorption capacity at 
elevated pressures 
5. Desorption can easily be 
accomplished by the PSA 
1. Low carbon dioxide capacity at 
mild conditions 
2. Negatively impacted by NOx, 




1. Adsorption capacity Minimally 
impacted by carbon dioxide 
partial pressure 
2. Humid environments improve 
adsorption efficiency 
3. Favorable adsorption kinetics 
1. Degrade at temperatures 
around 100℃ 
2. Irreversible reactions with NOx 
and SOx produce unwanted 
byproducts 




1. High thermal stability 
2. Adjustable chemical 
functionality 
3. Extra high porosity 
4. High adsorption capacity at 
elevated pressures (35 bar 
carbon dioxide) 
5. Easily tunable pore 
characteristics 
1. Negatively impacted by NOx, 
SOx and H2O 
2. Low carbon dioxide selectivity 
in carbon dioxide/nitrogen gas 
streams 







The characteristics of the adsorption, separation membrane and adsorption method used for gas 
separation have been summarized so far. The advantages and disadvantages of absorption, separation 
membrane and adsorption method are summarized Table. 2. [19] Finally, we describe the directions to 
be studied for each method in Table. 3. [47] 
 
Table. 2 Advantages and disadvantages of absorption, separation membrane, adsorption 
method 
 Advantages Disadvantages 
Absorption 
1. Re-use of carbon dioxide 
possible 
2. No pre-treatment necessary 
3. Proven technology 
1. Disposal waste water 
2. Use of process water 
Membrane 
1. Dry process 
2. No chemicals 
3. Compact process 
1. Pre-treatment necessary 
2. High investment costs 
3. Unstable long-term 
4. Low methane recovery 
Adsorption 
1. Dry process 
2. No use of chemicals 
3. High gas quality 
1. H2S pre-treatment 
2. Complex process 
3. High investment cost 
 
Table. 3 Carbon dioxide capture technologies and its future directions [48] 
 Critical issue for large scale 
application 
Future needs / emerging trends 
Absorption 
Energy requirement for regeneration Solvents with high carbon dioxide 
capacity and low regeneration energy 
Membrane 
Carbon dioxide selectivity 
Degradation / fouling issue 
Enhanced permeability and selectivity 
Adsorption 
Low capacity / selectivity 
Long cycle times 









2.4 Objective of this research 
 
In this study, experiment to separate carbon dioxide and methane from biogas, a major source of 
greenhouse gases, was conducted using a solvent absorption method. Studies that have been conducted 
so far have focused on the removal of carbon dioxide gas. In previous studies, data on the selectivity of 
carbon dioxide and methane and the aspects of gas degassed from the solution have not been studied. 
In this work, we considered the recycling aspect of removed carbon dioxide. In order to recover high 
purity methane by removing carbon dioxide from raw material gas through continuous process and to 
degassed absorbed carbon dioxide and recycle it, this study was conducted to find a solvent capable of 
degassing carbon dioxide only by physical method. Vacuum purging, stirring, and pressure increase / 
decrease were used for the regeneration process, and this study was conducted to find a solvent that 
maintains efficiency after regeneration through physical methods. The salting out effect is a purification 
method that reduces the solubility of specific molecules in solutions with very high ionic strength. [49] 
The solubility of ions that can be dissolved in a solution depends on the ionic strength of the solution. 
When an excess of salt is added to the solution, the amount of ions that can be dissolved decreases with 
increasing ionic strength. By using these effects, we tried to capture the excessive amount of dissolved 
carbon dioxide through abrupt change of pressure. Through the pressure swing method, which increases 
or decreases the pressure of the pressurized solution, the possibility of recycling of carbon dioxide in 
the gas being degassed from the solution was studied. Solvents which are chemically bonded require 
high temperature heating during regeneration process and also cause a lot of solvent loss in this process. 
We focused on the advantage of minimizing energy through regeneration of physical methods. To 




















This study was carried out by dividing the types of solvents used for carbon dioxide absorption process 
into five categories: water, aqueous solution, pure solvent, salt containing artificial seawater, and 
acetone base solution. 
The type and structure of the solvent used in the aqueous solution are shown in the Table. 4. The solvent 
used in the aqueous solution was MEA, K2CO3, which had strong base properties, and an organic solvent 
having various functional groups. 
 

































































Water has a high carbon dioxide / methane selectivity but low carbon dioxide capacity. Therefore, in 
order to solve this disadvantages, experiments were conducted on solvents having high solubility of 
carbon dioxide. Carbon dioxide is known to have a relatively high solubility in solvents containing ether 
and carbonyl groups. Experiments were carried out in the same way using solvents with ether bond and 
carbonyl groups, and experiments were also conducted using solvents such as alcohols and glycol 
having hydroxyl groups. The pure solvents used in the experiments are as follows. Acetone, Ethanol, 
Ethylene glycol, 1-hexanol, 1-octanol, DEGDME (Diethyleneglycol dimethyl ether), DMF (N, N 
Dimethylformamide), NMP (N-methyl-2-pyrrolidone), Propylene glycol, PGMEA (Propylene glycol 
monomethyl ether acetate), EGMEA (ethylene glycol monomethyl ether acetate), PGME (propylene 
glycol methyl ether), TEP (triethyl phosphate) and GBL (r-butyrolactone). The structure and properties 
of each solvent are shown in the Table. 5. 
 

























































































































































Experiments were carried out under artificial seawater conditions to determine whether seawater could 
be used without deterioration of performance using water's high selectivity to carbon dioxide and 
methane. It was an experiment aimed at confirming the possibility of using seawater for carbon dioxide 
absorption process. Experiments were carried out at various concentrations of artificial seawater. The 
amount of each chemical used in the experiment is shown in the Table. 6. Composition of artificial 
seawater condition was prepared with concentration of 18000, 36000, and 72000ppm respectively by 
reference. The solution was prepared considering the volume of the reactor and the density of the 
solution, and the experiment was conducted. 
 
 








𝑁𝑎𝐶𝑙 7.850 15.699 31.398 
𝑀𝑔𝐶𝑙2 6𝐻2O 1.664 3.328 6.656 
𝑁𝑎2𝑆𝑂4 1.309 2.618 5.235 
𝐶𝑎𝐶𝑙2 2𝐻2O 0.371 0.742 1.485 
𝐾𝐶𝑙 0.222 0.445 0.890 
𝑁𝑎𝐻𝐶𝑂3 0.064 0.129 0.257 
𝐾𝐵𝑟 0.032 0.065 0.129 
𝐻3𝐵𝑂3 0.009 0.017 0.035 
𝑆𝑟𝐶𝑙2 6𝐻2O 0.008 0.016 0.032 
𝑁𝑎𝐹 0.001 0.002 0.004 
Salt sum weight 11.53 23.06 46.12 
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Water 644.47 632.94 609.88 
Sum 656 656 656 
 
As a final experiment, acetone among the pure solvents used showed the best performance from various 
viewpoints. Based on these results, we conducted experiments on acetone solution. Mixing of acetone 
and solvent, mixing of acetone and NaI salt, and experiments on acetone / water / NaI were carried out. 
The conditions used in the experiment are as Table. 7. 
 
 



















1 50:50 1:1 0 0 100 
2 50:50 1:1 5 0 95 
3 50:50 1:1 10 0 90 
4 50:50 1:1 20 0 80 
5 50:50 2:1 0 0 100 
6 50:50 5:1 0 0 100 
7 50:50 2:1 20 0 80 
8 50:50 1:1 20 40 40 
9 50:50 1:1 20 20 60 
10 50:50 1:1 20 10 70 
11 75:25 1:1 0 0 100 
12 75:25 1:1 20 0 80 




1,5,6: volume ratio effect in pure acetone at the same composition 
1,2,3,4: Effect of NaI concentration at the same composition and volume ratio 
4,7,12: Effect of gas composition and volume ratio at the same NaI concentration 

















Fig. 7 Schematic diagram of the reactor used in the experiment 
1. Gas container 2. Gas chamber 3. Reactor 4. Solution 5. Pressure gauge 
6. Temperature probe 7. Vacuum purging line 8. Vacuum pump 9. Impeller 




















3.2 Experimental method 
 
The experimental procedure is as Fig. 7. The gas and solution are poured into the reactor at the specified 
volume ratio, and the remaining gas is removed by vacuum purging with stirring until the gauge of the 
pressure gauge reaches -0.95 bar. In order to judge that the residual gas has been sufficiently removed, 
the reactor reaching -0.95 bar is stopped by stirring and vacuum purging, and left for 10 minutes to 
check leaking from the outside and pressure change due to the gas that has not come out of the solution. 
If there was no change in pressure for 10 minutes, the experiment was ready to begin. The gas is supplied 
to the gas chamber from the gas cylinder. The gas used in the experiment was a mixture of two gases, 
carbon dioxide and methane, which are mainly composed of biogas. The reason for injecting the gas 
into the reactor after supplying the gas to the gas chamber is to minimize the gas supply time so as to 
minimize the gas dissolution during the gas supply. Fill the reactor with a pressure that is at least twice 
the initial pressure specified in the gas chamber and open the valve connected to the reactor and within 
a short time (within 3 seconds) to the specified pressure. After supplying the gas to the specified pressure, 
close the valve and stir at 200 rpm. Log the pressure data over time in real time and observe the change 
in pressure. It was judged that the reaction reached a steady state when the pressure did not change 
above or below 0.01 bar for more than 10 minutes. The initial temperature of the reactor before the start 
of the reaction was set to 15 ° C ± 0.5 ° C. Experiments using water were conducted to determine the 
pressure and reaction time of the initial feed gas. It was observed that the pressure of the reactor 
decreased within 500 seconds and there was no change after that. The time taken for the reaction to be 
terminated in the reactor can be set as a criterion of the residence time when applied to a continuous 
process. Therefore, the reference time for this experiment was set to 40 minutes (2400 seconds), which 





Fig. 8 Graph of pressure change over time in experiment with water at initial pressure 15 bar 
 
All solutions were regenerated by vacuum purging and stirring until the pressure reached -0.95 bar at 
the end of each experiment. In order to judge the solvent suitable for the purpose of the experiment, 
four comparisons were made. In the given experimental conditions, the ratio of dissolved gas was 
calculated by the following equation in terms of the pressure reduction ratio. 
Dissolved gas ratio (%) =  𝑃𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 / (𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 - 𝑃𝑣𝑎𝑐𝑢𝑢𝑚) 
𝑃𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚  : reactor pressure after reaction termination 
𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 : Initial pressure applied to the reactor 
𝑃𝑣𝑎𝑐𝑢𝑢𝑚 : reactor pressure in vacuum before start of reaction 
 
After the reaction is completed, a double valve is used in the gas layer in the reactor to minimize the 
pressure loss and to sample a small amount of gas in the syringe. Seal the syringe with a parafilm and 
measure the composition of the gas sampled using gas chromatography. A small amount of the liquid 
in which the gas is dissolved in the syringe is sampled through the valve connected to the liquid layer. 
As the pressurized liquid is depressurized to normal pressure, the gas is degassed from the solution by 
the pressure difference in this process. The amount of gas to be degassed varies greatly depending on 
the properties of each solution. Similarly, the composition of the degassed AD gas was measured by 
gas chromatography (Agilent 7820A) and the volume of the degassed AD gas was measured using a 
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water substitution method. In order to compare the degassed AD gas volume of the solutions used in 
the experiments, the following equation was used. 
 
Volume of degassed AD gas per unit volume (mL/mL) = 𝑉𝑔𝑎𝑠 / (𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 / 𝑑𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) 
𝑉𝑔𝑎𝑠 : volume of AD gas degassed from solution (mL) 
𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 : weight of the sampled solution (g) 
𝑑𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 : Density of solution (g/mL) 
 
Other experiments were conducted in the same way. Experimental conditions were as follows: the 
internal temperature of the reactor was 15℃ and the initial pressure was 15 bar. The volume ratio of the 
solution to the gas was 1: 1, and the experiment was carried out by varying the volume ratio in the 
experiment to determine the influence on the volume ratio. The composition of the solutions used in the 
experiments is described in the description of each result. Experimental data using water showed the 
average value measured during 5 cycles without water change, and all other solvents showed the 






















Chapter 4. Results 
 
4.1 Water section 
 
4.1.1 Effect of initial pressure 
 
Water has a relatively high Henry's constant for carbon dioxide and low Henry's constant for nitrogen, 
oxygen and methane. Biogas separation experiments using pure water were carried out using the 
advantage of high selectivity for carbon dioxide and methane. The composition of biogas was 50% of 
carbon dioxide and 50% of methane. The temperature condition was fixed at 15℃ (± 0.5℃) to confirm 
the effect of initial pressure. Also, the volume ratio of water and gas in the reactor was fixed at 1:1 and 
initial pressurization pressure was set at 5, 10, and 15 bar. Experimental data were obtained by 
measuring the ratio of the dissolved gas, the composition of the remaining gas after the reaction, the 
composition of the degassed AD gas during the decompression of the water to atmospheric pressure, 
and the volume of the gas to be degassed when the pressure was finally reduced to normal pressure. All 
experimental data are summarized in the above order. Experiments on water were performed 5 times 
for each pressure, and water was reused through physical regeneration using vacuum purging and 
stirring without changing water at each condition. The experimental data are summarized by the mean 
value of 5 experimental results. 
 
Fig. 9 Ratio of dissolved gas to initial pressure in pure water 
 
Fig. 9 shows the ratio of dissolved gas to initial pressure difference. Since water follows Henry's law 
well, changes in initial pressure have found no significant change in the rate of dissolved gas. 
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Fig. 10 is the ratio of dissolved gas during five cycles when water was regenerated only by vacuum 
purging and stirring in the above experimental conditions. 
 
 
Fig. 10 Ratio of dissolved gas to water reuse cycle 
 
No significant change in the gas absorption capacity of the water was observed, although the water was 
not replaced and continued to be used as a physical regeneration method. From this result, it can be 
confirmed that water can physically regenerate the gas and use it without deteriorating the performance. 
Therefore, for all experiments, the experiment was conducted to find a solvent that does not show a 
significant deterioration in performance even in repeated experiments, such as water, without using 
heating or other regeneration methods. 
 
Next, the absorption selectivity of the gas of the water was evaluated through the composition of the 
remaining gas without dissolution after termination of the reaction at Fig. 11. 
It was confirmed that the reaction was terminated at a constant rate regardless of the initial pressure 
when the composition of the residual gas after the reaction was terminated according to the initial 
pressure inside the reactor. As a result of the experiment using 50% carbon dioxide and 50% methane 
gas, the gas was separated by 60% of carbon dioxide and 40% of methane after the completion of the 
reaction. The results show that the water follows Henry's law well and the water is excellent in 




Fig. 11 Residual gas composition after reaction according to initial pressure in pure water 
 
Fig. 12 shows the composition of the gas constituting the degassed AD gas by sampling the water after 
completion of the reaction. As the water was lowered from the high pressure inside the reactor to the 
normal pressure, the dissolved gas was degassed and the composition at that time was measured. Similar 
to the previous experimental results, the effect of initial pressure was not observed. All three cases of 
degassed carbon dioxide showed more than 90%. 
 
 
Fig. 12 Degassed AD gas composition at the initial pressure in pure water 
 





Fig. 13 Degassed AD gas volume at the initial pressure in pure water 
 
Fig. 13 is the data of the volume of degassed AD gas when degassing the pressurized water at normal 
pressure. As expected, there was no significant difference in the composition of the degassed AD gas, 
but the amount of degassed AD gas varied. As the initial pressurized pressure increased, the partial 
pressure of each gas increased and the amount of dissolved gas increased proportionally. A similar 
tendency was also observed for the amount of degassed AD gas. Therefore, it was concluded that the 
higher the initial pressure, the better the recycling of carbon dioxide. The initial pressure of the gas was 
fixed at 15 bar and the volume ratio in the gas and water reactor was used as an experiment. 
 
 
4.1.2 Effect of gas/water volume ratio 
 
The initial pressure was fixed at 15 bar and the experiment was carried out using the volume ratio of 
water and gas as parameters. In Fig. 14, the influence of Henry's Law was confirmed again. In the batch 
reactor, the volume of water and the volume of gas are inversely proportional to each other, so that as 
the volume of water increases, the amount of gas supplied decreases. As the volume of water increased, 
the proportion of dissolved gas inside the reactor tended to increase. This is because the amount of gas 





Fig. 14 Ratio of dissolved gas to water and gas volume ratio at an initial pressure of 15 bar 
 
Fig. 15 shows the composition of the residual gas after the reaction when the volume ratio of water and 
gas is used as a parameter. As the volume of gas and water in the reactor was varied at constant pressure, 
the amount of residual carbon dioxide decreased to 20% as the amount of water increased. The control 
of the volume ratio of water and gas was considered to be one of the variables that could be considered 
in terms of carbon dioxide removal. 
 
 
Fig. 15 Residual gas composition by water and gas volume ratio at the initial pressure of 15 bar 
 
Fig. 16 shows the composition of degassed AD gas when the volume ratio of water and gas is used as a 
parameter. The degassed AD gas composition was observed when the initial pressure was fixed and the 
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volume ratio of water to water in the mixed gas was increased. As the volume of water increased, the 
proportion of methane in the degassed AD gas increased and the proportion of carbon dioxide decreased 




Fig. 16 Degassed AD gas composition by water and gas volume ratio at the initial pressure of 15 
bar 
 
Finally, Fig. 17 shows the amount of degassed AD gas volume according to the volume ratio of water 
and gas at the same initial pressure. As the amount of water increases, the volume of dissolved gas 
decreases with the amount of water, so that the volume of degassed AD gas decreases. Therefore, when 
considering the above four aspects, it is determined that the conditions suitable for the continuous 
process are suitable when the volume ratio of water to gas is 1: 1 and the initial pressure is 15 bar, which 
shows both excellent composition and volume of degassed AD gas. In order to compare the lengths and 
disadvantages of all experiments, the volume ratio of gas and solution was 1: 1, initial pressure was 15 





Fig. 17 Degassed AD gas volume by water and gas volume ratio at the initial pressure of 15 bar 
 
 
4.2 Aqueous solution section 
 
4.2.1 Effect of functional group 
 
Through experiments on water, it was confirmed that water has an advantage in terms of recycling of 
dissolved carbon dioxide. In order to improve the low carbon dioxide capacity which is a disadvantage 
of water, experiments using an aqueous solution were carried out. The aqueous solutions used in this 
experiment were aqueous solutions of monoethanolamine (MEA) and potassium carbonate (K2CO3), 
Dimethyl sulfoxide (DMSO) with S = O group, Glycerol with hydroxyl group, acetone with C = O 
group, propylene glycol methyl ether (PGME) with ether bond and hydroxyl group, and triethyl 
phosphate (TEP) with P = O group. All the aqueous solutions were prepared with 30wt% aqueous 
solutions. 
Fig. 18 (a) shows the ratio of dissolved gas in a strong aqueous base solution. MEA and K2CO3 aqueous 
solutions, which are strong base solutions, showed higher dissolution rates than other aqueous solutions. 
Because of the chemical reaction with carbon dioxide mainly through acid and base reaction, both of 
the strong base aqueous solutions exhibited a high dissolved gas ratio. Fig. 18 (b) shows the ratio of 
dissolved gas in the organic solvent solution. The aqueous solutions other than the strong base aqueous 
solutions used in the experiments showed a lower dissolved ratio compared to the pure water, regardless 
of the functional groups. This is because the bond between water and each solvent has the effect of 
further reducing the binding of water, carbon dioxide, solvent and carbon dioxide. Therefore, it was 
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judged that the mixture of solvent and water and used in the form of aqueous solution did not meet the 
purpose of the experiment. 
 
Fig. 18 (a) Strong base aqueous solution (K2CO3, MEA) (b) organic solvent aqueous solution 
(DMSO, Glycerol, Acetone, PGME, TEP) the ratio of the gas dissolved in each solution at the 
initial pressure 
 
The gas composition after the reaction of aqueous solution was observed at Fig. 19. As expected, both 
K2CO3 and aqueous MEA solutions were able to remove most of the initially supplied carbon dioxide. 
Both of these cases had significantly higher carbon dioxide capacity than water and thus were found to 
be very good in terms of carbon dioxide removal. In the case of the aqueous solution except the strong 
base, the ratio of dissolved gas was lower than that of pure water, but the removal rate of the carbon 
dioxide in the aqueous solution was similar to that of the previous case. The aqueous solution was also 
found to have no advantage when based on this experimental data. 
 
 
Fig. 19 (a) Strong base aqueous solution (K2CO3, MEA), (b) organic solvent aqueous solution 
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(DMSO, Glycerol, Acetone, PGME, TEP) Residual gas composition in aqueous solution at the 
initial pressure of 15 bar, 1:1 ratio of solution: gas volume 
 
In Fig. 20, the composition of the gas generated by the pressure difference was measured in the process 
of reducing the pressure inside the pressurized reactor to normal pressure after the reaction. In the case 
of K2CO3 and MEA strong base aqueous solution at Fig. 20 (a), the degassed AD gas hardly occurred 
during decompression to normal pressure. Therefore, it was judged that the composition of the degassed 
AD gas could not be measured and it did not meet the purpose of carbon dioxide recycling for the 
purpose of this experiment. The organic solvent aqueous solutions showed a degassed carbon dioxide 
composition that was almost the same as or slightly lower than that of pure water at Fig. 20 (b). From 
this experiment it was also found that the aqueous solution had no other advantage. 
 
 
Fig. 20 Organic solvent aqueous solution (DMSO, Glycerol, Acetone, PGME, TEP) degassed AD 





Fig. 21 (a) Strong base aqueous solution (K2CO3, MEA) (b) organic solvent aqueous solution 
(DMSO, Glycerol, Acetone, PGME, TEP) degassed AD gas volume in aqueous solution at the 
initial pressure of 15 bar, 1:1 ratio of solution: gas volume 
 
Fig. 21 shows the measured volume of degassed AD gas during decompression at normal pressure. The 
pressurized aqueous solution was collected from the reactor and the volume of the collected gas was 
measured by the water substitution method. K2CO3 showed almost no degassed AD gas and only very 
small amount of gas was collected in MEA. From this result, it can be understood that it is not solved 
only by increasing or decreasing the pressure in order to degas the carbon dioxide bound by the acid or 
base reaction from the aqueous solution. The reuse of the aqueous solution of the strong base was 
confirmed to require heating through a large energy consumption. 
 
The volume of degassed AD gas for aqueous organic solvent solutions was also measured at Fig. 21 (b). 
Likewise, it was measured using a water substitution method, and solvents such as acetone, PGME and 
TEP were degassed in a larger amount than in water. These results show that the degassed AD gas may 
be present depending on the increase or decrease of the pressure based on the physical absorption, which 
was the object of this experiment, and showed the possibility of the application of the continuous 
process in the future. Based on these experiments, we compared the advantages and disadvantages of 











4.3 Pure solvent section 
 
4.3.1 Effect of functional group 
 
Experiments were conducted on solvents with various functional groups. It was aimed to observe the 
effect of functional groups. Experiments were carried out using pure solvents and proceeded in the same 
way. Ethanol and acetone were not subjected to vacuum purging because their vapor pressure was very 
high. Regeneration was carried out by stirring and increasing or decreasing the pressure. The 
experimental data are shown for four factors. Functional groups were classified into alcohol, glycol, 
ether & carbonyl group, carbonyl group and water. For one solvent with the same functional group, the 
figure is shown for the purpose of comparing the results according to the effect of the functional groups. 
Experimental data on other solvents are summarized in tables. 
 
The ratio of dissolved gas to each functional group is shown in the Fig. 22. Except for Glycol, the other 
solvents showed a much higher pressure reduction ratio than water. Ethylene glycol and propylene 
glycol showed lower dissolved gas ratio than other solvents and the reaction time to equilibrium was 
longer than other solvents. Unlike the solvents of the alcohol type used, there are more OHs that can 
react with carbon dioxide because of lower molecular weight and more OH bonds. However, it was 
concluded that OH groups were more soluble in glycol than in alcohol because OH bonds formed 
hydrogen bonds with each other and deprived of a part that could react with carbon dioxide. Compared 
with ethylene glycol and propylene glycol, the dissolved gas ratio of propylene glycol was higher than 
that of ethylene glycol because the number of OH in the propylene glycol having a relatively higher 
molecular weight is smaller when the same volume of solvent is used, It was judged to be the result of 
more reaction with carbon dioxide than bonding. 
 
Alcohol and acetone showed similar values, and EGMEA with both ether and carbonyl groups showed 
higher ratio of dissolved gas. Except for glycols, the solvents with functional groups of alcohol, ether 
& carbonyl group and carbonyl group showed similar gas dissolution rates. In Fig. 23, the compositions 





Fig. 22 Ratio of dissolved gas in pure solvent 
 
Fig. 23 Residual gas composition gas after reaction in pure solvent 
 
Ethylene glycol and 1-octanol showed similar results to water, while EGMEA showed a residual 
methane and carbon dioxide composition of about 70:30. Based on the above dissolved gas ratio results, 
the results were similar because of the low solubility of ethylene glycol and water to carbon dioxide 
itself, and the dissolution rates of 1-octanol and EGMEA were much higher compared to water, It was 
judged that the above results were obtained because the solubility in methane was high with respect to 
the composition observed somewhat higher. These properties are considered to be unsuitable for the 
purpose of this experiment because they have disadvantages in terms of selectivity, an important factor 
in gas separation. Acetone showed a high amount of carbon dioxide removal when compared to other 
solvents and residual methane and carbon dioxide composition of about 80:20 was observed. Acetone 
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was found to have significant advantages over other solvents in terms of carbon dioxide removal. In 




Fig. 24 Degassed AD gas composition after reaction in pure solvent 
 
The results showed that the trends agreed with the above were consistent. The solubility of water and 
ethylene glycol was lower than that of other solvents, but the solubility of methane was lower than that 
of carbon dioxide. Therefore, it was confirmed that the ratio of carbon dioxide in the composition of 
the degassed AD gas was high. Both 1-octanol, EGMEA, and acetone have relatively low methane 
solubility and relatively low carbon dioxide composition in the degassed AD gas. A method for 
increasing the degassed composition of carbon dioxide was deemed necessary. Finally, the volume of 





Fig. 25 Degassed AD gas volume after reaction in pure solvent 
 
Fig. 25 shows the volume of AD gas degassed in each solvent. Water and ethylene glycol showed 
similar values, and 1-octanol and EGMEA showed values between 10 and 15 mL per mL of solvent. 
Acetone had the largest amount of solvents used in the experiment when more than 20 mL of gas had 
been degassed. This is because acetone's ability to degas the dissolved gas was superior to other solvents. 
However, it was thought that the decompression of the pressurized acetone could also cause the 
evaporation of acetone due to the low vapor pressure of acetone. Combining the above four figures, we 
have determined that acetone is suitable for the purpose of the experiment and conducted experiments 
to solve the disadvantage of acetone which is low carbon dioxide / methane selectivity of degassed AD 












Table. 8 Experimental data summarization for pure solvents 
 
Dissolved 
















































































4.4 Artificial sea water section 
 
4.4.1 Effect of salt concentration in artificial sea water 
 
Experiments using artificial seawater were conducted to confirm the possibility that seawater existing 
on the Earth could be used for carbon dioxide absorption without going through the purification process. 
The purpose of this experiment was to observe the tendency of the addition of salt in solution. Fig. 26 
shows the ratio of dissolved gas when compared to water under artificial seawater conditions. The rate 
of dissolved gas tended to decrease with increasing concentration of salt in artificial sea water condition. 
However, up to 36000 ppm did not show a significant decrease compared with pure water. It was 
observed that the rate of reduction of dissolved gas was increased when 72000 ppm of salt was added. 
From these results, it was concluded that the addition of a small amount of salt may not significantly 
reduce the ability of the solution to absorb carbon dioxide. 
Similar trends were observed in all cases when the residual gas composition was observed after the 
reaction. Compared to pure water, it showed almost similar methane and carbon dioxide composition. 
Fig. 27 confirm once again that salt does not significantly reduce the carbon dioxide uptake of the 
solution. 
 




Fig. 27 Residual gas composition gas after reaction in artificial sea water 
 
Similarly, the composition of the degassed AD gas was observed at Fig. 28. It was observed that the 
ratio of degassed carbon dioxide increased from pure water under the condition of salt added artificial 
seawater. Although the increase in the numerical value is not great, the rate of increase in the selectivity 
of carbon dioxide and methane is high. This result is due to the fact that the salt has the effect of pushing 
out the carbon dioxide dissolved in the water due to the salting out effect while being present in the 
water. Therefore, it was concluded that the addition of salt could have advantages in terms of degassing 
for carbon dioxide recycling, which is the purpose of this experiment. 
 
 




The volume of degassed AD gas was compared with pure water at Fig. 29. It was observed that the 
artificial seawater condition was slightly lower than that of pure water, but there was generally no 
significant difference. As a result of this data, it was confirmed that the addition of salt could play a 
positive role in the purpose of the experiment. 
 
 






















4.5 Acetone base solution section 
 
Acetone was found to have many advantages over other solvents and acetone was selected. Acetone has 
the disadvantage of high volatility due to high vapor pressure and a high ratio of methane occupying 
the degassed AD gas. Therefore, we devised a method to solve these problems. Experiments were 
conducted using solutions based on acetone. 
 
4.5.1 Effect of gas/liquid ratio in pure acetone 
 
Experiments were carried out with respect to the ratio of acetone to gas in the reactor as parameters, in 
order to determine whether acetone follows the tendency of physical absorption. 
 
 
Fig. 30 Ratio of dissolved gas to the volume ratio of acetone to gas 
 
The ratio of dissolved gas to gas composition and volume ratio is shown Fig. 30. As the amount of 
acetone increased and the amount of gas decreased, the proportion of dissolved gas tended to increase 
as the tendency of water. These results show that acetone also follows Henry's law, which is 





Fig. 31 Residual gas composition after reaction in acetone 
 
After the reaction reached equilibrium, the composition of the residual gas was measured at Fig. 31. In 
the water experiment, the composition of the remaining carbon dioxide tended to decrease as the volume 
ratio of water increased. In the case of acetone, however, the tendency was almost constant regardless 
of the volume ratio. This is because the absorption capacity of acetone is larger than that of water, and 
it is judged that acetone volume of 1:1 can sufficiently dissolve carbon dioxide. It was confirmed that 
50:50 mixed methane / carbon dioxide gas can be separated at a ratio of about 80:20 under the acetone 
condition, and it was confirmed that carbon dioxide can be sufficiently treated with acetone absorption 
capacity even under the condition of 1:1. 
 
 




Previously, most solvents, including acetone, showed less selectivity for degassed AD gases than water. 
This is because the amount of carbon dioxide that can be absorbed is large, but the amount of methane 
that can be absorbed is also relatively high. Fig. 32 also show that acetone occupies a somewhat higher 
proportion of methane in the degassed AD gas. In addition, almost constant methane and carbon dioxide 
degassed ratios were observed regardless of the volume ratio of gas and acetone. From these results, it 
was once again confirmed that acetone was followed by physical absorption. 
 
 
Fig. 33 Degassed AD gas volume after reaction in acetone 
 
The volume of degassed AD gas was measured according to the volume ratio of acetone and gas in Fig. 
33. The results of this experiment were similar to those of water. As the amount of gas is reduced and 
the amount of acetone is increased, the volume of degassed AD gas tends to decrease because the 
amount of gas dissolved in the same unit mass of acetone is less, as in the case of water. Therefore, it is 
considered that the ratio of 1:1 volume ratio of gas and liquid is the most ideal, and the experiment was 
conducted to overcome the disadvantages of the composition of degassed AD gas. 
 
4.5.2 Effect of salt concentration in acetone solution 
 
The direction of the experiment was set through experiments on pure Acetone. Acetone's high carbon 
dioxide absorption capacity and good follow-up properties of physical absorption, and its ability to 
degas a large amount of gas when it is degassed during decompression can be used as a good advantage 
considering the continuous process. However, it was confirmed that the proportion of methane in the 
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composition of the degassed AD gas is high. Acetone as a mixed solution to solve this problem. 
Experimental results of the artificial seawater condition showed that when the salt was added to the 
solution, the carbon dioxide treatment ability of the solution was not significantly reduced, but the 
higher the concentration of carbon dioxide in the degassed AD gas was possible. Therefore, it was 
confirmed whether the same effect could be obtained by adding salt to the acetone solution. Acetone 
shows low solubility for most salts. However, it was confirmed that NaI had high solubility and NaI 




Fig. 34 Ratio of dissolved gas in acetone solution to NaI concentration 
 
The experimental results of Pure acetone and acetone solutions were compared. Acetone solution 
containing 5wt% and 10wt% of NaI showed no significant difference in the dissolved ratio of gas at 
Fig. 34. It was observed that the ratio of the dissolved gas in the 20wt% acetone solution was slightly 
decreased. The results of this experiment were similar to those of artificial seawater and it was 






Fig. 35 Residual gas composition after reaction in acetone solution according to NaI 
concentration 
 
After the reaction was completed, the composition of the residual gas was confirmed at Fig. 35. As the 
NaI concentration increased, the residual ratio of carbon dioxide increased slightly and the residual ratio 
of methane tended to decrease slightly. As a result, the gas absorption performance of the acetone 
solution was not significantly decreased. 
 
Next, the effect of degassed AD gas on NaI concentration was confirmed at Fig. 36. Pure acetone and 
5 wt% acetone showed no significant difference in the composition of the two gases. However, as the 
concentration of NaI increased to 10 wt% and 20 wt%, the composition of degassed carbon dioxide 
tended to increase. From the results, it was found that the addition of salt was similar to that of the 
previous artificial seawater test, which could help to degas the carbon dioxide, and that the ratio of 





Fig. 36 Degassed AD gas composition in acetone solution according to NaI concentration 
 
Fig. 37 Degassed AD gas volume in acetone solution according to NaI concentration 
 
Finally, the results of the volume of degassed AD gas were confirmed for this experiment at Fig. 37. 
The carbon dioxide ratio of the degassed AD gas was increased, but when the results of acetone 
containing pure acetone and NaI were compared, it was confirmed that NaI salt did not significantly 
decrease the performance of the solution. In conclusion, the results of the experiment with NaI 
concentration showed that the increase of the concentration of NaI does not cause a large decrease of 
the dissolved carbon dioxide composition after the reaction and the ratio of the dissolved gas, and can 
improve the ratio of carbon dioxide in the degassed AD gas. Therefore, the NaI concentration was fixed 




4.5.3 Effect of gas/liquid ratio, initial gas composition in NaI 20 wt% acetone 
solution 
 
From the previous experiments, it was confirmed that the addition of NaI salt can increase the ratio of 
carbon dioxide in the composition of degassed AD gas, which is a disadvantage of acetone. This 
experiment was carried out to investigate the tendency of 20 wt% NaI acetone solution according to the 
volume ratio of gas and solution and composition of the initial feed gas. Experimental conditions were 
1:1 and 2:1 volume ratio of solution and gas at 50:50 methane and carbon dioxide composition. 
Experiments were carried out on 1:1 volume ratio of solution and gas under the conditions of methane 




Fig. 38 Ratio of dissolved gas in 20 wt% NaI acetone solution 
 
In the case of the 50:50 composition, the volume increase of the solution increased the proportion of 
dissolved gas as well as the tendency for the pure acetone experiment. The ratio of dissolved gas at 1: 
1 volume ratio of solution to gas was lower at 75:25 than 50:50 condition. The reason is that the fraction 





Fig. 39 Residual gas composition after reaction in 20 wt% NaI acetone solution 
 
Fig. 39 shows the residual gas composition for an acetone experiment according to the volume ratio of 
solution to gas and the initial gas composition. The composition of residual gas after reaction in acetone 
solution with NaI concentration of 20 wt% was found to be increased when the amount of solution was 
increased as compared with that of pure acetone solution. Also, in the case of 1:1 with the same volume 
ratio, two conditions with different initial composition showed lower carbon dioxide ratio at 75:25. This 
is because the amount of gas contained in the initially supplied carbon dioxide was small. Therefore, 
when applied to the two-step process, the gas having the composition of the initial 50:50 has a 
composition of 75:25 and the treatment of the gas having the composition of 75:25 can treat the gas up 
to 90:10. Next, the composition of the degassed AD gas was confirmed in a 20 wt% acetone solution 





Fig. 40 Degassed AD gas composition after reaction in 20 wt% NaI acetone solution 
 
When the gas having a composition of 50:50 was degassed after the reaction, the ratio of the degassed 
methane in the ratio of 2:1 when the volume of the solution was increased was high when the conditions 
of 1:1 and 2:1 were compared. Fig. 40 shows that the ratio of carbon dioxide in the residual gas 
composition after the reaction is relatively low. Compared with the initial composition of 50:50 and the 
initial composition of 75:25 at 1:1 volume ratio of solution to gas, the degassed high methane ratio was 
shown at 75:25. The reason for this is that the initial partial pressure of methane is high, resulting in the 
relatively more methane dissolution than the condition of 50:50. From these results, it was concluded 
that the condition of 1:1 volume ratio is better condition at 50:50 composition. 
 
 
Fig. 41 Degassed AD gas volume after reaction in 20 wt% NaI acetone solution 
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Fig. 41 shows the volume of degassed AD gas for the acetone experiment according to the volume ratio 
of solution to gas and initial gas composition. 
The volume of the degassed AD gas was observed to decrease as the volume ratio of the solution 
increased under the condition of the composition of 50:50. This tendency was consistent with water 
experiments. In addition, at a 1:1 volume ratio of the solution and the gas, the degassed volume was 
lower than that of 50:50 when the initial composition was 75:25, because the dissolved volume of the 
carbon dioxide was relatively small and the amount of degassed AD gas as well. From these 
experimental results, it was concluded that 1:1 condition of 50:50 gas is ideal in the same NaI 
concentration condition. However, the proportion of methane in the composition of the degassed AD 
gas was still high after addition of NaI salt. To overcome this disadvantage, the mixing of water with 
the advantage of degassing high carbon dioxide on the degassed AD gas side is considered. In the 
following experiment, the effect of addition of water was confirmed by comparing the binary system of 




4.5.4 Effect of water addition in NaI/acetone solution 
 
The experiment was carried out under the same conditions for a gas having a composition of 50:50 and 
a gas having a composition of 75:25 at Fig. 42. Experiments were conducted to confirm the effect of 
addition of water on the comparison of pure acetone, NaI / acetone binary system and NaI / water / 
acetone tertiary system. 20:0:80 indicates that the concentration of added NaI is 20 wt% and the 
concentration of acetone is 80 wt%. 20:20:60 indicates 20 wt% NaI, 20 wt% water, and 60 wt% acetone. 
At 50:50 and 75:25, the proportion of dissolved gas was reduced with acetone containing NaI. 
Compared with the binary system of NaI and acetone and the tertiary system with addition of water, it 
was slightly increased at 50:50 compared with the expectation that the dissolution rate would decrease 
with increasing water. The condition of 75:25 confirmed the decrease as expected. The composition of 





Fig. 42 Ratio of dissolved gas to pure acetone, NaI / acetone solution, NaI / water / acetone 
solution 
 
The same trend was observed for the results for each experiment for the conditions of 50:50 and 75:25 
at Fig. 43. In both cases, the ratio of methane in the residual gas decreased and the ratio of carbon 
dioxide increased in the case of pure acetone to the tertiary system to which NaI was added and NaI 
and water were added. This is because the amount of acetone, which plays a major role in the dissolution 
of carbon dioxide, is reduced. It was also confirmed that the gas condition of 75:25 showed a tendency 
to show a higher total carbon dioxide removal than the condition of 50:50. Likewise, the influence of 
the degassed AD gas was confirmed. 
 
Fig. 43 Residual gas composition after reaction for pure acetone, NaI / acetone solution, NaI / 




Fig. 44 shows the composition of degassed AD gas for each case. When the composition of the degassed 
AD gas was observed, the tendency of the composition of the residual gas after the reaction was reversed. 
As NaI and water were added in the same gas condition, the ratio of degassed methane decreased and 
the ratio of carbon dioxide increased. Also, the overall ratio of degassed carbon dioxide in the gas 
composition of 50:50 was high compared to the ratio of 75:25. From these results, it is shown that the 
addition of NaI before, in addition to the addition of water, shows an improvement in the ratio of carbon 
dioxide in the degassed AD gas, which is an advantage of water. Finally, we observe the tendency for 
the volume of degassed AD gas. 
 
 
Fig. 44 Degassed AD gas composition for pure acetone, NaI / acetone solution, NaI / water / 
acetone solution 
 
The results for the volume of degassed AD gas were compared for each experimental condition at Fig. 
45. The results were also compared with those of pure acetone, NaI / acetone and NaI / water / acetone. 
The tendency was that the volume of degassed AD gas was reduced due to the addition of water as 
expected. However, in terms of the composition of the degassed AD gas, it can be confirmed that the 
addition of water can improve the gas composition. Based on these results, we conducted experiments 
to observe the experimental trends of water and acetone ratio in the tertiary system of NaI / water / 
acetone. The composition of NaI was fixed at 20 wt% and the ratio of NaI: water: Acetone was adjusted 





Fig. 45 Degassed AD gas volume for pure acetone, NaI / acetone solution, NaI / water / acetone 
solution 
 
4.5.5 Effect of water/acetone ratio in tertiary system solution 
 
Fig. 46 shows the ratio of dissolved gas to water / acetone ratio. In this experiment, a mixed gas of 
methane 50% / carbon dioxide 50% was used. The volume ratio of solution to gas was fixed at 1:1 and 
the amount of water and acetone was varied. Experiments were conducted on the case where the amount 
of water decreased and the amount of acetone increased from the left to the right. The tendency of the 
experiment showed that the proportion of dissolved gas increased as the amount of water decreased and 
the amount of acetone increased. This tendency confirmed that acetone plays a major role in dissolving 
the gas, and water was found to have a relatively low rate of dissolving the gas. However, in the case 
of 10 wt% of water and 70 wt% of acetone, it was confirmed that more than 40% of the initial feed gas 
was dissolved, but this amount did not show much difference with the dissolution rate in pure acetone 
under the same conditions. It was confirmed that the addition of a small amount of water does not 





Fig. 46 Ratio of dissolved gas to water / acetone ratio in NaI / water / acetone tertiary system 
 
The residual gas composition after the reaction was compared for the above experimental conditions at 
Fig. 47. As the amount of water increased, the residual ratio of carbon dioxide increased. Overall, the 
percentage of residual carbon dioxide in the tertiary system was higher than that of pure acetone. Under 
the same experimental conditions, the methane / carbon dioxide composition after the reaction of pure 
acetone was 82:18 and the composition of 74:26 when 10 wt% of water was added. Certainly, the 
addition of water showed a slight reduction in the dissolution rate of carbon dioxide. Next, the 
composition of the degassed AD gas was compared. 
 
 





The results of the tendency of the composition of the degassed AD gas to be opposite to the composition 
of the residual gas after the reaction were also observed at Fig. 48. As the amount of water increased, 
the proportion of degassed carbon dioxide increased. The composition of methane / carbon dioxide 
degassed in Pure acetone was 39:61. The proportion of methane in the degassed AD gas was high. 
However, when water is added, the proportion of degassed methane gradually decreases and the ratio 
of carbon dioxide increases. When 10 wt% of water is added, 23:77, when 20 wt% of water is added, 
16:84, 40 wt% of water When added, it increased to 11:89. This result was confirmed to be similar to 
the composition of degassed AD gas, 7:93, under the same condition of pure water. Therefore, the 
addition of water for the dissolution and degasification of carbon dioxide was deemed to be useful in 
terms of the recycling of dissolved carbon dioxide. Finally, the volume of the degassed AD gas was 
measured. 
 
Fig. 48 Degassed AD gas composition to water / acetone Ratio in NaI / water / acetone tertiary 
System 
 
In the experiment using water, the volume of degassed AD gas was relatively low in water compared 
to other solvents. As water was added, the results of this experiment showed a similar tendency at Fig. 
49. The volume of degassed AD gas in Pure acetone was relatively higher than that of the solution 
containing water. As the water was added, the volume of the degassed AD gas gradually decreased, and 
when 40 wt% of water was contained, the value decreased about 4 times as compared with pure acetone. 
Considering all of the above four factors, the condition of NaI 20 wt% / water 10 wt% / acetone 70 wt%, 
which shows a good ratio of depleted carbon dioxide and volume, without decreasing the dissolution 





Fig. 49 Degassed AD gas volume to water / acetone ratio in NaI / water / acetone tertiary system 
 
4.5.6 Results trend by simulation in tertiary system solution 
 
Finally, we tried to observe the tendency of composition ratio of the three mixtures by using mixture 
design method. The ratio of water was 10 ~ 50%, the ratio of acetone was 40 ~ 80%, and the ratio of 
NaI was 10 ~ 30%. Experiments were carried out through nine experimental points that met the above 
range, and the tendency was calculated based on the results. The trends of residual carbon dioxide 
composition and degassed digestion carbon dioxide composition after the reaction were shown using 
Minitab 18 simulation. 
 
 















Fig. 51 (a) The tendency of residual carbon dioxide according to composition ratio of each 
component, (b) The tendency of degassed carbon dioxide composition according to composition 
ratio of each component. 
 
In Fig. 51 (a), the composition of residual carbon dioxide showed a tendency to decrease when the 
amount of acetone was large and the amount of water and the amount of NaI were small. This tendency 
is consistent with the experimental results that acetone plays a crucial role in the dissolution of carbon 
dioxide. In addition, when water and NaI were added as additives, the amount of dissolved carbon 
dioxide decreased and the composition of residual carbon dioxide tended to increase slightly. Fig. 51 
(b) shows the tendency of the composition of degassed carbon dioxide by simulating the same method. 
In contrast to Fig. 51 (a), the composition of degassed carbon dioxide tended to increase when the 
amount of water and NaI was large, and the composition of carbon dioxide tended to decrease with 
increasing amount of acetone. From the above two simulations, it was found that the composition of 
residual carbon dioxide and the composition of degassed carbon dioxide were almost inversely 
proportional to each other, and it was concluded that the optimum conditions for each condition could 











This study was conducted on the solvents that can be used in the absorption process to separate carbon 
dioxide and methane from biogas. In this study, to overcome the disadvantages of amine solvent, which 
is widely used in the absorption process, in the regeneration process, we observed a solvent that can 
absorb carbon dioxide through physical absorption and easily regenerate the solvent. From the reference, 
it was confirmed that the substance having carbonyl group or ether bond can increase the solubility of 
carbon dioxide. Experiments on various functional groups were carried out in addition to this functional 
group. In terms of the solubility of carbon dioxide, it was confirmed that each of the solvents had high 
solubility in carbon dioxide, but solubility in methane was also high. There was no selectivity for the 
reference because of the solubility test for pure carbon dioxide. Experiments on artificial seawater 
conditions have confirmed that the addition of salt increases the carbon dioxide ratio in the degassed 
AD gas without significantly reducing the carbon dioxide solubility in the solution. For the pure solvent 
test, acetone in various solvents was considered to be suitable for the purpose of the experiment. 
Through the mixed solution for acetone, we tried to solve the problem of having a high methane ratio 
in the composition of degassed AD gas which is a disadvantage of acetone. It was confirmed that the 
carbon dioxide ratio of the degassed AD gas was improved by adding NaI which is high in solubility to 
acetone, and it was confirmed that the carbon dioxide ratio of the degassed AD gas, which is an 
advantage of water, can be increased in the tertiary system added to water. It has been concluded that 
the proper mixing of water and salt in the solvent can show improved results in terms of degassed AD 
gas while maintaining some of the carbon dioxide solubility of the solution. Further research is needed 
to study other solvents, such as acetone, which are capable of physical absorption and are capable of 
removing carbon dioxide. In addition, it is necessary to study the application of NaI, which can play a 















1. Spigarelli, B.P. and S.K. Kawatra, Opportunities and challenges in carbon dioxide 
capture. Journal of Co2 Utilization, 2013. 1: p. 69-87. 
2. Ozcan, M., Factors influencing the electricity generation preferences of Turkish citizens: 
Citizens' attitudes and policy recommendations in the context of climate change and 
environmental impact. Renewable Energy, 2019. 132: p. 381-393. 
3. Fargione, J., et al., Land clearing and the biofuel carbon debt. Science, 2008. 319(5867): 
p. 1235-1238. 
4. Leng, G.Y., Keeping global warming within 1.5 degrees C reduces future risk of yield 
loss in the United States: A probabilistic modeling approach. Science of the Total 
Environment, 2018. 644: p. 52-59. 
5. Held, I.M. and B.J. Soden, Water vapor feedback and global warming. Annual Review of 
Energy and the Environment, 2000. 25: p. 441-475. 
6. Batjes, N.H., Total carbon and nitrogen in the soils of the world. European Journal of 
Soil Science, 1996. 47(2): p. 151-163. 
7. Lelieveld, J., P.J. Crutzen, and F.J. Dentener, Changing concentration, lifetime and 
climate forcing of atmospheric methane. Tellus Series B-Chemical and Physical 
Meteorology, 1998. 50(2): p. 128-150. 
8. Orr, J.C., et al., Anthropogenic ocean acidification over the twenty-first century and its 
impact on calcifying organisms. Nature, 2005. 437(7059): p. 681-686. 
9. Gill, M., P. Smith, and J.M. Wilkinson, Mitigating climate change: the role of domestic 
livestock. Animal, 2010. 4(3): p. 323-333. 
10. Segers, R., Methane production and methane consumption: a review of processes 
underlying wetland methane fluxes. Biogeochemistry, 1998. 41(1): p. 23-51. 
11. Abatzoglou, N. and S. Boivin, A review of biogas purification processes. Biofuels 
Bioproducts & Biorefining-Biofpr, 2009. 3(1): p. 42-71. 
12. Weiland, P., Biogas production: current state and perspectives. Applied Microbiology 
and Biotechnology, 2010. 85(4): p. 849-860. 
13. He, Y.F., et al., Physicochemical characterization of rice straw pretreated with sodium 
hydroxide in the solid state for enhancing biogas production. Energy & Fuels, 2008. 
22(4): p. 2775-2781. 
14. Sialve, B., N. Bernet, and O. Bernard, Anaerobic digestion of microalgae as a necessary 
step to make microalgal biodiesel sustainable. Biotechnology Advances, 2009. 27(4): p. 
409-416. 
15. Song, C.S., Global challenges and strategies for control, conversion and utilization of 
CO2 for sustainable development involving energy, catalysis, adsorption and chemical 
processing. Catalysis Today, 2006. 115(1-4): p. 2-32. 
16. Elimelech, M. and W.A. Phillip, The Future of Seawater Desalination: Energy, 
Technology, and the Environment. Science, 2011. 333(6043): p. 712-717. 
17. Bouchemal, K., et al., Nano-emulsion formulation using spontaneous emulsification: 
solvent, oil and surfactant optimisation. International Journal of Pharmaceutics, 2004. 
280(1-2): p. 241-251. 
18. Ting, S.S.T., et al., SOLUBILITY OF NAPROXEN IN SUPERCRITICAL CARBON-
DIOXIDE WITH AND WITHOUT COSOLVENTS. Industrial & Engineering Chemistry 
Research, 1993. 32(7): p. 1471-1481. 
19. Yang, H.Q., et al., Progress in carbon dioxide separation and capture: A review. Journal 
of Environmental Sciences, 2008. 20(1): p. 14-27. 
20. Sreedhar, I., et al., Carbon capture by absorption - Path covered and ahead. Renewable 
& Sustainable Energy Reviews, 2017. 76: p. 1080-1107. 
58 
 
21. Saito, M., et al., ABSORPTION BEHAVIOR OF NO WITH Y-SR-CO-O TYPE 
COMPOUNDS. Nippon Kagaku Kaishi, 1993(6): p. 703-708. 
22. Shiflett, M.B., et al., Carbon Dioxide Capture Using Ionic Liquid 1-Butyl-3-
methylimidazolium Acetate. Energy & Fuels, 2010. 24(10): p. 5781-5789. 
23. Ramdin, M., et al., Solubility of CO2 and CH4 in Ionic Liquids: Ideal CO2/CH4 Selectivity. 
Industrial & Engineering Chemistry Research, 2014. 53(40): p. 15427-15435. 
24. Park, S.H., et al., The quantitative evaluation of two-stage pre-combustion CO2 capture 
processes using the physical solvents with various design parameters. Energy, 2015. 
81: p. 47-55. 
25. Zeman, F., Energy and material balance of CO2 capture from ambient air. Environmental 
Science & Technology, 2007. 41(21): p. 7558-7563. 
26. Anthony, J.L., E.J. Maginn, and J.F. Brennecke, Solubilities and thermodynamic 
properties of gases in the ionic liquid 1-n-butyl-3-methylimidazolium 
hexafluorophosphate. Journal of Physical Chemistry B, 2002. 106(29): p. 7315-7320. 
27. Duan, Z.H. and R. Sun, An improved model calculating CO2 solubility in pure water and 
aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar. Chemical Geology, 
2003. 193(3-4): p. 257-271. 
28. Rochelle, G.T., Amine Scrubbing for CO2 Capture. Science, 2009. 325(5948): p. 1652-
1654. 
29. Samanta, A., et al., Post-Combustion CO2 Capture Using Solid Sorbents: A Review. 
Industrial & Engineering Chemistry Research, 2012. 51(4): p. 1438-1463. 
30. Cadena, C., et al., Why is CO2 so soluble in imidazolium-based ionic liquids? Journal of 
the American Chemical Society, 2004. 126(16): p. 5300-5308. 
31. Revelli, A.L., F. Mutelet, and J.N. Jaubert, High Carbon Dioxide Solubilities in 
lmidazolium-Based Ionic Liquids and in Poly(ethylene glycol) Dimethyl Ether. Journal 
of Physical Chemistry B, 2010. 114(40): p. 12908-12913. 
32. Bara, J.E., et al., Guide to CO2 Separations in Imidazolium-Based Room-Temperature 
Ionic Liquids. Industrial & Engineering Chemistry Research, 2009. 48(6): p. 2739-2751. 
33. Hajipour, A.R. and F. Rafiee, Basic Ionic Liquids. A Short Review. Journal of the Iranian 
Chemical Society, 2009. 6(4): p. 647-678. 
34. Chung, T.S., et al., Mixed matrix membranes (MMMs) comprising organic polymers with 
dispersed inorganic fillers for gas separation. Progress in Polymer Science, 2007. 32(4): 
p. 483-507. 
35. Li, J.R., R.J. Kuppler, and H.C. Zhou, Selective gas adsorption and separation in metal-
organic frameworks. Chemical Society Reviews, 2009. 38(5): p. 1477-1504. 
36. Carcia, P.F., et al., Ca test of Al2O3 gas diffusion barriers grown by atomic layer 
deposition on polymers. Applied Physics Letters, 2006. 89(3): p. 3. 
37. Robeson, L.M., CORRELATION OF SEPARATION FACTOR VERSUS PERMEABILITY 
FOR POLYMERIC MEMBRANES. Journal of Membrane Science, 1991. 62(2): p. 165-
185. 
38. Zhang, Y., et al., Current status and development of membranes for CO2/CH4 separation: 
A review. International Journal of Greenhouse Gas Control, 2013. 12: p. 84-107. 
39. Li, J.F., et al., Effect of TiO2 nanoparticles on the surface morphology and performance 
of microporous PES membrane. Applied Surface Science, 2009. 255(9): p. 4725-4732. 
40. Zhang, Z.J., et al., Perspective of microporous metal-organic frameworks for CO2 
capture and separation. Energy & Environmental Science, 2014. 7(9): p. 2868-2899. 
41. Wu, G., et al., High-Performance Electrocatalysts for Oxygen Reduction Derived from 
Polyaniline, Iron, and Cobalt. Science, 2011. 332(6028): p. 443-447. 
42. Couillard, D., THE USE OF PEAT IN WASTE-WATER TREATMENT. Water Research, 
1994. 28(6): p. 1261-1274. 
43. Pignatello, J.J. and B.S. Xing, Mechanisms of slow sorption of organic chemicals to 
59 
 
natural particles. Environmental Science & Technology, 1996. 30(1): p. 1-11. 
44. Yao, X.J., et al., Investigation of the structure, acidity, and catalytic performance of 
CuO/Ti0.95Ce0.05O2 catalyst for the selective catalytic reduction of NO by NH3 at low 
temperature. Applied Catalysis B-Environmental, 2014. 150: p. 315-329. 
45. Aaron, D. and C. Tsouris, Separation of CO2 from flue gas: A review. Separation 
Science and Technology, 2005. 40(1-3): p. 321-348. 
46. Choi, S., J.H. Drese, and C.W. Jones, Adsorbent Materials for Carbon Dioxide Capture 
from Large Anthropogenic Point Sources. Chemsuschem, 2009. 2(9): p. 796-854. 
47. Wang, C.M., et al., The strategies for improving carbon dioxide chemisorption by 
functionalized ionic liquids. Rsc Advances, 2013. 3(36): p. 15518-15527. 
48. Sreenivasulu, B., et al., A journey into the process and engineering aspects of carbon 
capture technologies. Renewable & Sustainable Energy Reviews, 2015. 41: p. 1324-
1350. 
49. Zhang, Y.H., et al., Effects of ionic strength on removal of toxic pollutants from aqueous 
media with multifarious adsorbents: A review. Science of the Total Environment, 2019. 
646: p. 265-279. 
 
